ABSTR.ACT
Thermophysical-property characterizations of five Conasauga shale cores were determined at temperatures between 298 and 673 K. Methods of specimen fabrication for different tests were evaluated. Thermal-conductivity and thermal-expansion data were found to be dependent on the structure and orientation of the individual specimens. Thermal conductivities ranged between 2.8 and 1.0 W/m-K with a smal I negative temperature dependence. Thermal expansions were between 2 and 5 x 10-3 over the temperature range for the group. Heat capacity varied with the composition. 
SUMMARY
Thermophysical-property measurements were conducted on five shale cores representative of eastern illitic shale found under the Oak Ridge reservation. (a) Cores were converted to thermal-conductivity and expansion test specimens using low-speed diamond cutting techniques (dry). Standard machining techniques were found not to be useable due to spalling.
Thermal conductivities measured by two comparative techniques were between 2.8 and 1.0 W/m-K over a temperature range from 328 to 673 K with heat flow 30 to 40 degrees relative to the bedding plane. Thermal conductivity decreased from 1 -8% when measurements were repeated on the same specimen. A comparative point-probe instrument was used as a part of thermal conductivity screening technique. Thermal expansions for the group varied between 0.2 and 0.5% at 673 K. No correlation between core orientation and thermal expansion could be made although significant differences were observed among the specimens. Heat capacities ranged smoothly from 0.21 cal/g-K at 293 K to 0.28 cal/g-K at 673 K for the three dark-gray shale cores. Other cores exhibited lower heat capacities because of compositional differences.
(a) Federally owned land, in Anderson and Roane counties of Tennessee, which contain three faci"lities operated by Union Carbide Corporation's Nuclear Division for the Department of Energy.
INTR ODUCTION
The objectives of this study, conducted at the Oak Ridge Y-12 Plant(b), were to adequately define the thermophysical properties of these shale cores at temperatures up to 673 K, to develop cost-effective methods of fabrication applicable to these types of tests for large numbers of specimens, and to evnluate thermal-conductivity test methods and procedures for these and similar geologic materials for the Office of Waste Isolation (OWi).
Termina l repositories for the long-term storage of rad ioactive reactor wastes have been proposed to be located within geologic media such as shale or salt for safety and containment purposes. Knowledge of the thermal behavior of shale is needed as heat from the rad ioactive wastes w i II ult imately be dissipated to the surrounding geologic formations. Thermal-conductivity and diffusivity characteristics of the geologic media are necessary for accurate mathematical modeling of repositories . Long-term elevated temperatures may significantly alter the mechanical and heat-transfer characteristics of the shale, thus changing the temperatures and heat distributions from the stored array. Property tests were limited to an upper temperature of 673 K, which is well above the probable maximum temperature in an array. At approximately 875 K, the composition and properties of the shale changes significantly because of the evolution of chemically bound water from the constituent clay minerals.
(b) One of the three Oak Ridge fac ilities that are operated by the Union Carbide Corporation 's Nuclear Division for the Department of Energy.
THERMOPHYSICAL PROPERTIES OF CONASAUGA SHALE SAMPLE DESCRIPTION
Conasauga shale, an anisotropic, sedimentary rock of variable structure and composition found bedded under the Oak Ridge reservation, consists primarily of micas, kaolinite, and feldspar, and other minerals in lesser quantities. It was selected by the Office of Waste Isolation (OWi) as representative of the eastern illitic shales. Formation is from the consolidation of sedimentary silt, clay, and mud .1
The five selected cores submitted by the OWi were chosen to be character istic of the ra nge of material types wh ich cou ld be expected from the Oak Ridge site. The samples origi nated from the OWi 's In Situ Conasauga Experiment, 1976. The core sections, 50 mm in dia meter and between 150 and 300 mm in length, are identified by bore hole number and depth of origin (in feet). They are 15-34, 8-92, 8-99, 18-11'9, and 13-88 . T he cores were bored wh il e using water for debris removal. Thu s, they were partially saturated with water for a short period of time. tions in composition. Consequently, test-specimen fabrication constituted a substantial part of the tota I cost in the testing operations.
The cores (as received) were stored in sealed plastic bags in a low-relative-humidity room prior to the fabrication and property tests. Because the shale was porous, fabrication techniques were limited to those that did not involve liquids or oils since unnecessary contamination would render the materials useless for property measurements.
Thermal-conductivity specimens are right circular cylinders approximately 51 mm in diameter by 16 mm thick, with smooth, parallel faces. Thermal-expansion specimens are nominally 6 mm cross sections 25 mm long.
Machining the cores to form the thermal-conductivity specimens without shattering them required a protective sheath to absorb shock when they were held in a lathe chuck. A girdle of Cerrobend, a low-melting-point (330 K) metallurgical alloy, was cast around the core to provide a uniform and stable mounting collar for milling the flat surfaces of the thermal-conductivity specimens. First, the cores were sliced to their rough dimensions with a bandsaw. A small carbide mill was used to remove unwanted material from the faces of the specimens. Since considerable spalling was observed with this procedure, it was abandoned. Figure 3 shows the spalling encountered on Core 13-88. A high-speed masonry cutoff saw and a diamond-impregnated cutoff wheel were also investigated. Neither of these methods was satisfactory for cutting the cores because the relatively high cutting speeds induced enough vibration in the materials to cause them to spall and shatter. A low-speed, serrated diamond saw mounted on a lathe bed gave reasonably good surfaces without too much spalling or surface damage. The surfaces were subsequently lapped and polished by hand, using progressively finer grades (to 400 grit) of abrasive paper. This cutting technique was also found to be adequate for slicing thermal-expansion specimens.
Linear-thermal-expansion specimens were fabricated in directions hnth tran<sverse Jnd 101·1\::li Luui11al LO the bored core axes. The specimP.ns. nominally 25 mm in length by G mrn in cross-sectional diameter, were cut from the cores by usina the low-speed diamond saw. The specimen ends were ground flat and parallel by using a diamond cutoff wheel. Several specimens shattered during the fabrication process. Each thermal -expansion or conductivity specimen can be fabricated in two hours.
PHYSICAL PROPERTIES
Standard mercury-intrusion-porosimeter techniques were used to obtain density, porosity, surface-area, and average-pore-diameter values on both as-received material and material that was heated to 673 Kand held at this temperature for one hour.
Bulk-density measurements were also made on the thermal-conductivity specimens prior to testing. Orientation of each core relative to the bedding plane was determined by using a protractor.
Physical properties of the cores are listed in Table 1 . Bulk densities by porosimeter showed little variation among the unheated specimens (2.68 to 2.72 g/cm3), although densities obtained from the pretest thermal-conductivity specimens were smaller and had larger variations (2.60 to 2.71 g/cm3) . Porosities varied from 1.0 to 3.0%, except for Core 15-34 which gave 0.38%. Real densities, which negate the porosity present in the rr1alerials, were quite uniform. Orientation of the major axis of the cores varied between 30 and 45 degrees relative to the bedding plane for the group. These orientations will tend to average results on thermal-conductivity and expansion tests due to the anisotropy from layering. A relationship between changes in total porosity and heating to 673 K for four hours cannot be deduced, although porosity less than ten micrometers was observed to increase 3 to 8% on the specimens because of the heat treatn:ent.
THERMAL PROPERTIES

Thermal-Behavior Tests
Different ial thermal analyses-thermogravimetric analyses (DTA-TGA), using the Mettler Model TA-1 instrument, were conducted on portions of as-received cores at temperatures rnnging from 298 -673 K to determine the weight loss and any unusual calorimetric behavior of the mat erials. Representative powdered material was tested in air by using a heating rate of G K/min in platinum crucibles. Temperature was monitered by using platinum/platinum-10% rhodium thermocouples. Aluminum oxide (alumina) was the reference materia I.
Differenti al-sca nning-calorimeter (DSC) measurements, using the Perkin-Elmer Model DSC-2 instrument, were also made over this temperature range to determine the amount of energy required to heat the materials as a function of the first and second temperature test cycles. Tests were conducted on nominally 100-milligram specimens in gold pans by using a heating rate of 10 K/min in argon.
DTA-TGA and DSC measurements (reported in Table 2 ), indicated that the materials were relatively stable to 473 K, although weight losses were observed on heating. No phase changes were evident. On first heating, weight losses of between 1 and 2% were obtained. In the DTA-TGA apparatus, half the weight loss was during evacuation prior to hP.Atina This luss is attributed to the release of absorbed rnther than bound water. Core 15-34 showed no weight loss.
Very small changes of one percent or less in heating-energy requirements by DSC were observed for the second heating cycle relative to the first. DTA-TGA measurements were not performed on Core 15-34 because stable behavior was noted from the DSC measurements.
Scanning electron microscope (SEM) photomicrographs of two sections taken from Core 8-92 (one as received and the other heated to 673 K for fo1ir hours) are included ( Figures 6  and 7 ). Few differences are observed in the two sets of photomicrographs. At 300 to 1 OOOX, slight deagglomeration or breaking up of occluded particles may be indicated.
Heat-Capacity Measurements
A Perkin-Elmer differential scanning calorimeter (DSC-2) was used to determine the heat capacity of the core material from 298 to 673 K. Representative material from (:) /!.t JOOOX.
SM-66296
SM-66300 This instrument determines the energy required to maintain equal temperatures of sample and reference stages at constant heating or cooling rates. The energy required to heat a known mass of standard material (<l'-nlumina) is directly related to that for a known mass of shale under the same test conditions. Energy requirements, represented as differential amplitudes, were determined by using a heating rate of 10 K/min over temperature intervals of 20 K. Data were taken at 50-K temperature increments over the temperature range. Experimental data were fitted to an equation of the form:
where:
C ""a+bl+cT~2 p Cp represents the heat capacity (in cal/g-K), and T the temperature (in K). a, b, and c are constants.
(1)
Calculations and plots were made by using a PDP-15 computer.2,3 Measurement error is estimated at ± 1.5% of the stated values for stable materials.
Heat-capacity measurements by DSC (Figure 8 ) indicate that three of the cores (Cores 8-92, 8-99, and 18-119) gave practically identical results within the limits of experimental error (ranging from 0.21 cal/g-K at 293 K to 0.28 cal/g-K at 673 K). These values are reasonably similiar to those of alumina, the standard which was used in the test. Cores 13-88 and 15-34 gave lower values which indicate compositional variations. Small positive deviations in the heat-capacity values around 373 K are considered to be due to absorbed water which is subsequently evolved al hiyl-1er temperatures.
Thermal-Expansion Measurements
Thermal linear expansions were determined from 293 to 673 K, using a Dynatech-Netysch Model 402E automatic quartz pushrod dilatometer. Tests were conducted wilh a programmed heating rate of 2 K/min in helium.
Test data [temperatures from an iron/constantan thermocouple and displacements from a linear variable differential transformer (LVDT)] were multiplexed and digitally recorded on paper tape for computerized data reduction.4 A National Bureau of Standards borosilicate glass standard (SRM 731) was used to correct the system for the expansion of the quartz cradle and associated temperature gradients in the measurement zone. Some duplicate specimens and second tests (reruns) were also conducted to assess the variability in expansion values and the effects of heating the materials on subsequent .expansion tests. Measurement error is estimated at ±1.2% of the values recorded at the upper temperature limit (673 K). Representative thermal-expansion data are reported in Figures 9 -12. Core 13-88 was not tested because appropriate expansion specimens coulrl nnt hP. fribricati;>d. Lin~ar-th0rmJI expansion values varied considerably in both the longitudinal and transverse direction relative to the vertical axis of the cores. Expansion for the group varied between 0.2 and 0.5% at 673 K relative to 298 K. A sixth-order equation was used to fit the data because of the occurrence of regions of localized swelling and contractions, especially with Cores 8-92, 8-99, and 18-119 in the temperature range from 360 to 500 K. Only Core 15-34 gave smooth expansion data without this cyci"ic expansion behavior, possibly because of the limestone present. The expansion averaged 0.5% over the temperature range. Second heating cycles minimized the swelling/shrinking behavior which was most evident in the longitudinal-core orientations. Net expansion was usually higher on the second versus the first temperature cycle, possibly because of the net contraction (shrinkage) in the test length due to the first heating cycle.
No general trends of expansive behavior versus orientation can be derived from these data. Expansion is apparently unique to each specimen and related° to variations in structure, fine cracks and fissures, and texturing. All specimens were observed to be intact on posttest examination. 
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Thermal-Conductivity Measurements Thermal-conductivity measurements were made by using two different instruments. A thermal comparator was used for the room-temperature screening measurements. A guarded, steady-state, unidirectional-heat-flow instrument was used in measuring thermal conductivities at elevated temperatures.
Purdue Thermal Comparator -The thermal comparator was assessed for its applicability for thermal-conductivity screening measurements because it can make determinations very quickly. It was also used to determine the appropriate standards to be used with the shale in the elevated-temperature tests. One major disadvantage with this test is that specl men surface preparation must be identical to that of the standards. The same set of specimens was used in both the room-temperature-comparative and elevated-temperature tests.
A thermal comparator instrument, developed at Purdue's Thermophysical Properties Research Center (TPRC), the TPRC Thermal Comparator Model 100, was used in these screening measurements. While this technique5 has be~n evaluated for such applications as metal sorting and case hardening, limited investigations have been made on such heterogeneous materials as rocks. Lbrentzen 6 used the technique for evaluating the thermal conductivity of natural stones having thermal conductivities in the range from 2.0 to 8.9 W/m-K.
The thermal comparator determines the difference in temperature between a very small hemispherical, heated probe and the surface of a specimen. The probe geometry is given in Figure 13 . The probe was operated with a temperature differential 20 degrees above ambient temperature. A lever actuates the probe which very lightly touches the surface of the sample at room temperature. The loss of heat from the probe to the sample is determined by a differential thermocouple with one junction embedded at the tip and the other in the much larger body of the probe, which acts as partially infinite heat source. The differential signal is conditioned, amplified, and read out on a digital voltmeter. The initial few seconds after contact give a transient-temperature-loss situation which quickly stabilizes to a linear-heai:-loss condition. rn these tests, the output was recorded ten seconds after initial c:ontact. The specimen thermal conductivity is expressed by the equation:
Tc represents the intermediate probe temperature after sample contact, T 1 the initial probe temperature, T 2 the specimen temperature, K 1 the thermal conductivity of the probe, ariu K2 the thermal cond11ctivity of the specimen. A typical response of the probe to different-thermal-conductivity materials is indicated in Figure 14 . By bracketing the output of the unknown conduc.tivity material with standards of dimensions and surface finishes equivalent to those of the unknown, values can be rapidly obtained, For inhomogeneous materials such as shale, many test locations on the surfaces of the specimens were sampled. Tests were conducted in a constant-temperature room (±0.5 K), using a large aluminum plate as a heat sink for maintaining an initial constant temperature of the specimens and standards before and after testing. Cotton gloves were used in handling the specimens to prevent contamination of the sample surfaces and to minimize changing the temperature of the specimen with body heat. Thermal-conductivity measurements on the shale cores are plotted in Figures 15 and 16 . TPRC thermal comparator data (298 K) were obtained by averaging 30 individual test locations on each shale surface. Standards of titanium alloy, quartz, and glass were used as bracketing references. Although surface finishes of the cores were not as good as those on the standards, due to the heterogeneous nature of the material, relative agreement with data ·taken from the Dynatech comparative apparatus was observed.
Thermal-Conductivity Measurements at Elevated TP.mperatures -Thermal-conductivity measurements at elevated temperatures were made on the core specimens by using the Dynatech Model TCFCM-20 apparatus. This test is based on steady-state, unidirectional heat flow where the specimen is sandwiched between standards of known conductivity. A temperature gradient of about 50 degrees K is established through the test configuration by using a main and auxiliary heater (Figure 17) . A guarding furnace, which has two separate temperature control sections, is used to minimize radial heat losses or gains by matching the temperature profile of the guard with that through the test stack. Santocel insulation fills the annular cavity between the test stack and guart.ling furnace.
With steady-state conditions, assuming no heat losses or gains such as guarding furnace mismatch or surface contact losses, a constant and uniform heat flux is impressed on the standards and sample. The heat flowing through the standards and samples is a constant. From the integrated form of Fourier's law: 0=-K A (lff) f:::.X , K represents the thermal conductivity, A the cross-sectional area normal to the heat flow, f:::.T the temperature difference between two point!;, and f:::.X the distance between two points. (3) it is possible to calculate K, if the heat flowing through the standard, Os, is identical to that flowing through the specimen, Ox. Equation 3 can be written:
6 T sample 6X standard and the ratio of the thermal conductivity of the specimen to the standard can be calculated if the cross-sectional areas, thicknesses, and temperature differences of the sample and standard are known. The thermal conductivity of the standard is usually taken at its average temperature rather than that of the test sample. This approach yields two calculations, one with the standard at a higher average temperature relative to the test sample and one with a standard at an average temperature lower than the test sample.
Pyrex 7740 glass was used as the standard in the shale tests. Diameters and thicknesses of Pyrex and shale specimens were measured by using micrometers. Type K, Band S 30 gauge, Chromel-Alumel thermocouples were bonded into slots in the surfaces with Astroceram furnace cement for the glass and a mixture of ground shale and sodium silicate for the shale (Figure 17) . A correction for the. thickness of the individual thermocouple beads was applied to the gross-thickness measur~ments for each test. Variations in the surfaces of the shales caused high thermal· contact resistance in an "as-stacked" state. To minimize this contact resistance, a thin film of high-conductivity heat-transfer paint (Silver Print) was used to bond the surfaces of the glass and the shales together. Nickel spacers were used to conduct heat from the heaters to the test stack.
In testing, the stack was assembled and the conductive paint was allowed to dry overnight. The system was then purged with dry nitrogen and the assembly heated to the desired temperatures. Approximately a two-hour equilibration time was observed before thermocouple emfs were recorded. Data were taken at 50-degree increments up to 673 K. The system was then allowed to cool and the testing sequence repeated to determine the effects the first cycle had on subsequent thermal-conductivity values.
Thermal-conductivity measurements obtained with the Dynatech comparative instrument are listed in Table 3 . The instrument was calibrated by testing Pyrex standards with a Pyroceram 7740·sample over the temperature range. Results indicated that, for ten separate measurements, all were within ±3.4% of the recommended values. Average error for the ten measurements was 2.60%. (The manufacturer's stated precision is ±5%.)
Thermal-conductivity data for the shale varied by a factor of three, ranging from 1.0 to 2.8 W/m-K. There is a general trend of decreasing conductivity values with increasing 1emperature for three of the five specimens. Cores 18-119 and 13-88 yielded values that were constant over the temperature range. Second tests showed a reduction of the conductivity values betw.een 1 and 10% at lower temperatures. Thermal-conductivity data obtained from these tests are in the same order of magnitude as those from published values.7 which are 1.7 to 1.0 W/m-K. 
CONCLUSIONS
Physical and thermophysical property measurements on the representative shale cores indicated that a significant variation in properties exists in the shale bed of the In Situ Conasauga Experiment. This range of properties is clearly indicated by the results obtained from density, porosity, thermal-conductivity, and thermal-expansion tests. Thermal cycling changes the thermal and mechanical properties of the material°, as evidenced by the thermal-conductivity and expansion tests.
Influence of the material history relative to water or moisture absorption and related heat treatments which drive off the nonchemically bound water also affect the data obtained from such tests. To adequately characterize such geological formations, a large number of tests are required to ensure that statistical and representative sampling is obtained for test measu rem en ts.
Fabrication techniques applicable to making test specimens from friable cores include using low-speed cutting devices, such as diamond-impregnated saws, wire saws, or cutoff wheels, to limit the shattering effects of mechanical vibrations. Standard machining. techniques are not feasible because of the friability of the material. Smooth, polished surfaces can be obtained by using standard metallurgical techniques, or by hand.
The TPRC comparative probe is a quick, cost-effective, thermal-conductivity screening technique if surface preparation is consistent and appropriate geological standards of similiar nature can be obtained.
Recommended methods of reducing the cost of thermal-conductivity measurements depend primarily on reducing the cost of sample preparation. Rough-cut (unpolished) surfaces for thermal-conductivity specimens can be effectively bonded with high-conductivity, stable-heat-transfer coatings to minimize sample-preparation costs, as steady-state, comparative-technique test times are limited by the thermal inertia of a given test apparatus.
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